Rationale: To identify infected contacts of tuberculosis (TB) cases, the UK National Institute for Health and Care Excellence (NICE) recommended the addition of IFN-g release assays (IGRA) to the tuberculin skin test (TST) in its 2006 TB guidelines. Treatment for TB infection was no longer recommended for children who screened TST-positive but IGRA-negative.
The latest estimates by the World Health Organization (WHO) suggest that around one million children globally develop tuberculosis (TB) disease every year, and 210,000 die of this potentially preventable and treatable infectious disease (1) . For most children, exposure to TB occurs through an adult in their household. After exposure, about half of household contacts become infected (2) ; once infected, the risk of disease progression is highest in the first 12 months (3). The risk is heavily influenced by the age of the child at the time of infection: the youngest children are at the highest risk (4) . For these reasons, the WHO recommends that treatment of TB infection (also known as preventive therapy, isoniazid preventive therapy, or latent tuberculosis treatment) be provided to all children under the age of 5 years who have recently been exposed to an adult with infectious TB in their household (5, 6) . The WHO End TB Strategy that was created after 2015 provides a target to reduce, by 2035, the global TB incidence by 90% compared with current levels (7) . Modeling studies suggest that reductions of this magnitude will not be possible unless cases of TB infection are treated in addition to TB disease (8, 9) .
In the United Kingdom, the public health services (Public Health England) and the National Health Service (NHS) function in an integrated fashion: all cases of potentially infectious TB disease are notified to Public Health England and screened by clinical TB nursing teams, who identify household and other close contacts within NHS facilities. In England, 5,758 cases of tuberculosis were reported in 2015 (10) . National policy, for many years, has been that household members of these cases, together with other close contacts, should be screened to identify any additional cases of TB disease, as well as any individuals with TB infection who might benefit from TB infection treatment. However, there has been much debate on which screening tools to use, especially for children (11) (12) (13) . In 2006, the National Institute for Health and Care Excellence (NICE) in the United Kingdom issued guidelines for the screening of those exposed to TB, which, for the first time, introduced IFN-g release assays (IGRA), a then-novel blood-based assay, into the screening algorithm (14) . Up until that point, testing for evidence of sensitization to M. tuberculosis had been via the tuberculin skin test (TST). Unlike the TST, IGRAs are designed to distinguish between a "false-positive" TST, due to sensitization by nonpathogenic mycobacteria including due to a previous bacillus Calmette-Guérin (BCG) vaccine, and "true" infection with M. tuberculosis by using antigens encoded by genes located within the region of difference 1 segment of the M. tuberculosis genome in the test (15, 16) , leading to somewhat greater specificity (17) . In the 2006 NICE algorithm, IGRA tests were recommended for TST-positive individuals and only those found to be both TST-and IGRApositive were to receive treatment for TB infection. BCG vaccination history was used to decide on the size of the TST induration that was required to classify the test as positive, therefore directly influencing which children would progress to IGRA testing. This algorithm was applied to all individuals older than 2 years of age, and, as a consequence, children who were found to be TST-positive but IGRA-negative no longer qualified for TB infection treatment. Given the lack of data on the performance of IGRAs in children, pediatricians conducting TB contact investigations in the United Kingdom were concerned as to whether this new policy was safe (18) .
In response to these concerns, we set up a multicenter, multisite study within the NHS, the National Institute for Health Research (NIHR)-funded IGRA Kids Study (NIKS) (19) . Our primary objective was to measure incident TB disease in TSTpositive but IGRA-negative children over a 2-year follow-up period. Our secondary objectives were to ascertain the percentage of children who were TST-negative but IGRA-positive at baseline and who would have been missed by the 2006 NICE screening algorithm, and to determine the proportion of children who converted their TST and/or IGRA from negative to positive between baseline and follow-up at 8 weeks to assess the added value of repeat screening. After NIKS completed recruitment but before data analysis, the NICE guidance was updated (20) . The 2016 version now recommends treating all children for TB infection if they have a TST result >5 mm, independent of IGRA results and BCG vaccination history. Given the availability of our substantive dataset, we therefore also evaluated the implications of these latest recommendations for clinical practice.
Methods

Study Setting
Between January 1, 2011, and December 31, 2014, children were recruited from five pediatric TB clinics in London, together with pediatric TB clinics in Southampton, Bristol, Birmingham, Manchester, Glasgow, and Newcastle. An identical protocol was used at all sites, and children were followed for 24 months. The study was funded by the NIHR and Comprehensive Local Research Network support was provided at the different study sites.
Study Procedures
Ethical approval. The study was approved by the UK National Research Ethics Service (REC: 11/11/11). Parents of all children included in the study provided written informed consent, with additional assent from older children.
Recruitment. In line with national guidelines, all contacts are screened by history for potential TB symptoms or underlying susceptibility to TB, and are then invited for TST and/or IGRA screening. Detailed procedures of recruitment to the NIKS study have previously been described (19) . In brief, parents/guardians of children attending for contact screening were approached for entry into the NIKS study were performed in clinical laboratories at the respective NHS Trusts, following routine practice in the Healthcare Trust and the relevant manufacturers' instructions for processing. IGRA testing was repeated in all children after 8 weeks, as was the TST if initially negative. IGRA results were interpreted as positive, negative, or indeterminate in line with the standard clinical laboratory reporting practice. A child was classified as IGRA-positive (classified as infected with TB) if either the baseline or the 8-week IGRA were positive and there was no evidence of TB disease. All children with a negative IGRA at both time points were classified as TB exposed but uninfected. An IGRA that was indeterminate on two occasions would also be assigned as negative, and the child would be classified as TB exposed but uninfected. TST was defined as positive if the transverse diameter of the induration was >6 mm in BCGunvaccinated children and >15 mm in previously vaccinated children, as per 2006 NICE guidance. TST conversion was defined, in BCG-vaccinated children, as a TST induration at 6-8 weeks of >15 mm with an increase from baseline of .5 mm; in BCG-unvaccinated children it was defined as a TST induration at 6-8 weeks of >6 mm with an increase from baseline of .5 mm. The differences between the 2006 NICE guidance, the NIKS protocol, and the 2016 NICE guidance are summarized in Table E1 of the online supplement.
Statistical Analysis
Data were entered into a secure online database in real time and later checked centrally for entry errors. Data were analyzed by using STATA Software (version 11; Stata Corp.). Missing data were excluded from analysis.
Clinical Management
Children with confirmed or clinically diagnosed TB disease were managed according to standard treatment protocols (21) . All children younger than 1 year of age at the time of enrollment, found to not have TB disease, were offered 3 months of isoniazid and rifampicin, independent of BCG vaccination status or TST/IGRA results. Once TB disease had been excluded, all children aged between 1 and 2 years received isoniazid and rifampicin, with medication stopped if they remained negative on repeat testing of both TST and IGRA after 6-8 weeks. If either of these tests became positive, they were reevaluated clinically to exclude TB diseases, and completed 3 months of TB infection treatment. Children older than 2 years with evidence of TB infection as determined by a positive IGRA test were given treatment for TB infection with 3 months of isoniazid and rifampicin. After the completion of baseline and 8-week screenings, all children identified as TB exposed but with persistently negative TST and IGRA results were offered BCG vaccination, if not previously immunized. All children were observed for 24 months with an appointment every 3 months in Year 1 and every 6 months in Year 2.
Outcome Definitions
In the study protocol, prevalent TB was defined as TB disease diagnosed at the time of screening or within the subsequent 8 weeks. Incident TB was defined as TB disease diagnosed, in a child TB disease-free at baseline, at any time after the 8 weeks during the 2-year follow-up. TB infection was defined by IGRA positivity in the absence of TB disease. Children without evidence of TB infection or disease were classified as TB exposed but uninfected.
Results
In total, we enrolled 431 children; 357 (83%) were older than 2 years. Cohort details are summarized in Table 1 . Data from 39 children were subsequently excluded because 32 withdrew after their first visit, 4 had a change of diagnosis, and 3 were treated with isoniazid and rifampicin outside of the agreed protocol. All outcome measures reported subsequently therefore relate to the 392 children who completed the study. Demographic details of the children who withdrew were not Table 2 summarizes the baseline characteristics of the study participants, categorized according to final outcome. The management of the 239 children classified as TB exposed but not infected is indicated in Table 3 .
Of 344 children without prevalent TB, 251 (72.9%) were IGRA-negative at baseline, 80 were IGRA-positive (23.2%), and 13 (3.8%) had indeterminate results (Figure 1 ). In comparison, 249 were TST-negative (72.3%) and 95 were TST-positive (27.6%). Overall, IGRA and TST results were concordant in 287 of 344 children (83.4%). At baseline, 28 (29.5%) children were TST-positive and IGRA-negative, and 16 (6.4%) children were IGRA-positive and TST-negative (Table 4) . Follow-up was undertaken at 8 weeks, and 311 of the 344 (90.4%) children had a repeat IGRA. The missing IGRA tests were primarily in the group of children already found to be IGRA-positive at baseline. Of these 311 children, 273 (87.7%) did not show any differences in IGRA status between baseline and 8 weeks. A change from negative to positive was found in 18 (5.7%) children who were retested, and 7 (2.2%) children had their result change from indeterminate to positive. A change from positive to negative was noted in 8 (2.5%), and from indeterminate to negative in a further 6 (1.9%). The rate of indeterminate IGRA results was 3.8% (13/344) at baseline and 2.9% (9/311) at 8 weeks. Only one child had an indeterminate IGRA twice.
In line with the study protocol, TST was only repeated in children with a negative baseline TST; of 249 eligible children, 239 (96.0%) underwent the repeat procedure, with 25 (10.4%) found to have converted their TST to positive 8 weeks later. Ten (40%) from this group of children also converted their IGRA result from negative to positive. Twenty-eight children were TST-positive but IGRA-negative at baseline, and 18 remained IGRA-negative on repeat screening; the remainder became IGRA-positive. Of these 18, three fell into the under-2-years-of-age category and were given isoniazid and rifampicin (either for the full 3 mo, if under 1 yr, or until retesting, if between 1 and 2 yr): hence their outcome data could not be included in the primary analysis. The other 15 did not receive any treatment and none developed TB disease during the 2 years of follow-up. In 16 of 249 children (6.4%), the baseline IGRA was positive, whereas the TST was negative. Ten of these children received a second TST, of whom 5 had converted from negative to positive on repeat screening 8 weeks later.
Applying 
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Our study set out to measure incident TB disease in TST-positive but IGRA-negative children who had documented exposure to a household contact with infectious TB, and to estimate the negative predictive value of IGRA for the development of TB, following the 2006 NICE guidance. We also examine concordance between TST and IGRA in the low-prevalence setting of the United Kingdom. We enrolled the largest, prospectively recruited cohort of TB-exposed children in the United Kingdom to date. In comparison to other studies of IGRA testing in young children, we encountered a low rate of indeterminate results (13, 22) . In this low-prevalence setting, and over 24 months of follow-up, we saw no incident cases of TB disease in 18 children older than 2 years who were TST-positive but remained IGRA-negative and did not receive treatment. A large proportion of exposed children remained uninfected in our study, with only a small percentage of children being TST-positive but IGRAnegative. This is in contrast to other studies reported in the literature, where the proportion of children found to have TB infection after household exposure has been described as anywhere between 16% and 76%, depending on criteria and TST cutoff used (2) . We believe that, despite the size of the cohort, we ultimately had insufficient power to definitively answer the primary study question, given that we had a much smaller than anticipated cohort of children with a positive TST but negative IGRA, which was further reduced by employing a second IGRA screening assay. Our results do not fully reflect the reality of screening procedures within national TB guidelines, where TST and IGRA are not usually used simultaneously. We deliberately chose this study design to assess the level of concordance between the two screening tests and to measure any potential "missed opportunities" where a stepwise approach of TST first, followed by IGRA (if TST-positive) was employed. Conducting IGRA and TST at the same time therefore enabled us to assess how many IGRA-positive children would have been missed if only those with a positive TST received a subsequent IGRA. At baseline screening, this result was 6.4%, but with repeat screening, half of this group had converted their IGRA and therefore would have qualified for treatment of TB infection ultimately. Our data show high concordance between TST and IGRA and, importantly, that on repeat testing the majority of children who converted their TST also converted their IGRA. The value of contact tracing in TB-exposed children was confirmed by the high yield of prevalent TB disease at the time of contact investigations: TB was diagnosed in 12.2% of child contacts. This is also in the context of a very strict definition of prevalent TB. Other studies have used a longer time interval to define prevalent TB disease. The study by Anger and colleagues similarly demonstrated the importance of contact investigation as an active casefinding activity, though they used a longer time interval to define prevalent cases with contacts with TB diagnoses as late as 9 months after the index case (23) .
Our study has some limitations. Because TB infection treatment is nationally recommended for children under the age of 2 years exposed to an infectious case of TB, it would not have been appropriate to withhold such an intervention. The positive predictive value of IGRA for progression to TB disease cannot be established in our cohort, given its size, nor has it been conclusively demonstrated for children, who have generally been excluded from studies evaluating IGRA to predict disease progression or represented only a very small proportion of participant (24, 25) . Given our protocol, we identified a higher proportion of children who qualified for TB infection treatment than the 2006 NICE algorithm would have determined. We therefore may have prevented some of the incident cases than might have occurred otherwise. In addition, we cannot comment on the negative predictive value of IGRA in children under the age of 2 years, because we uniformly gave TB infection treatment to this group, given their acknowledged vulnerability. However, these children only represented 10% of the cohort.
In January 2016, the NICE guidance for TB screening was revised, and it was recommended that a history of BCG vaccination should no longer be taken into account in the interpretation of the TST result (20) . Despite certain operational advantages for the use of IGRA, such as no need for a return to the clinic if the result is negative, the cost-effectiveness evaluation in the United Kingdom now favors the use of TST in its last version of the national guidance. A lower universal cutoff of 5 mm was introduced to define TST-positivity; any child with a TST equal to or greater than 5 mm should now receive treatment for TB infection. IGRA testing was left to the discretion of the treating healthcare professionals. Applying this new guidance to the data from our cohort, 63% more children would have qualified for treatment and a significant increase in the need for medication and use of NHS resources, including TB nurse time. All of these additional children would have been IGRAnegative. Only four children in our cohort were IGRA-positive with a TST result below 5 mm and these would not have been picked up by the 2016 screening algorithm. Of 344 children in a low-prevalence setting, this represents a relatively small at-risk group.
The WHO End TB Strategy aims for effective TB elimination and places a significant emphasis on the treatment of TB infection in addition to TB disease (7). Children, after household exposure, are at very high risk for TB infection and subsequent disease progression. They have been identified as a group that should be a high priority for evaluation and TB infection treatment (5) , and the latest Stop TB plan for elimination of TB places particular emphasis on the treatment of latent infection in children. The WHO currently recommends that after exposure to an infectious TB case all children under 5 years should be offered treatment for TB infection without any immune-based screening tests (26) . If TST is to be used, WHO advises a 10-mm cutoff. In the United Kingdom, TB infection treatment is now offered to all individuals with evidence of TB infection up to the age of 65 years. The current NICE guideline does not distinguish between the management of adults and children, with the same protocol used for both groups. This is probably with the aim of facilitating the programmatic delivery of TB care. Although the previous NICE guidance was deemed overcomplicated with its use of different TST cutoffs in BCGvaccinated and -unvaccinated individuals, the revised version simplifies the approach significantly. Previously published data from the NIKS cohort showed the agerelated impact of BCG vaccination on TST interpretation, with a cutoff of 10 mm increasing specificity after the age of 2 years (19) . It could be argued that by introducing a 5-mm TST cutoff, the use of IGRA testing is now obsolete. We might therefore have come full circle after years of discussing the merits of a more specific test for TB infection. However, an additional and ongoing challenge has arisen due to the limited availability of tuberculin internationally, and as a consequence many hospital trusts are currently using IGRA, despite NICE guidance (27) .
The current UK screening practice in otherwise well children with household exposure relies exclusively on TST, with a smaller cutoff than advised by other international guidance. This has the advantage of being a sensitive and straightforward approach from a screening-program perspective, but it leads to increased numbers of children being treated, some unnecessarily likely. Recent guidance from the United States has moved toward an approach based almost entirely on the use of IGRA rather than TST (27) . Despite the somewhat limited study size, our data suggest a high reliability of IGRA testing in children above the age of 2 years. No screening test perfectly predicts the risk of progression to disease, and it is important to invest effort in retention in screening and treatment programs as well as optimizing the screening test. A pragmatic recommendation, supported by our data, would be simply to treat all children under the age of 2 for TB infection, after household exposure, once TB disease has been excluded. In children older than 2 who are otherwise healthy, our data support using IGRA without TST for screening, with treatment for TB infection restricted to those who have tested positive on IGRA alone.
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In conclusion, in this low-prevalence setting we saw no incident cases of TB disease in children above the age of 2 years who were TST-positive but IGRA-negative and did not receive treatment for TB infection. Following the latest NICE guidance, significantly more children will require medication. n Author disclosures are available with the text of this article at www.atsjournals.org.
